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Accumulating evidence highlights natural killer (NK) cell parameters as potential prognostic factors in cancer patients, which provides a strong rationale for developing therapeutic strategies aiming at restoring NK cell. However, reaching this point warrants better characterization of tumor-induced NK cell alterations. Our group recently reported heterogeneous NK maturation in acute myeloid leukemia (AML) patients. However, the clinical significance of such observations remained to be assessed on a larger cohort of patients. NK maturation based on expression of CD56, CD57, and KIR was assessed by flow cytometry in newly diagnosed AML patients (N = 87 patients from GOELAMS-LAM-IR-2006 multicenter trial). Clinical outcome was evaluated with regard to NK maturation profiles. Unsupervised integrated analysis of NK maturation markers confirmed the existence of three distinct groups of patients [hypomaturation (24.1%), intermediate maturation (66.7%), and hypermaturation (9.2%)]. In univariate analysis, significant differences in overall survival (OS) (P = 0.0006) and relapse-free survival (RFS) (P < 0.0001) were observed among these different groups. Patients with hypomaturation profile had reduced OS, with 3-year OS rates of 12.5 vs 57.1 and 57.4% for patients with intermediate and hypermaturation, respectively. Consistently, patients with hypomaturation profile had reduced RFS, with 3-year RFS rates of 0 vs 52. 6 inTrODUcTiOn Acute myeloid leukemia (AML) is a hematologic malignancy with poor clinical outcome, in particular in patients over 60 years (1) . To date, therapeutic options remain limited. Among hallmarks of cancer, escape to the immune system is generally involved in cancer progression (2) . Besides, the three "E" theory (3) clearly defines the immune system as a corner stone of tumor progression and aggressiveness, and therefore of the response to treatment and prolonged remission. Although the mutational burden is lower in AML compared to solid tumors, leukemic blast express leukemia-associated antigens that are recognized by the immune system (4), with natural killer (NK) cells, CD8
+ T cells and γδ T cells being the most potent immune effectors that mediate leukemic cells recognition and clearance. Clinical evidence for an anti-leukemic immune effect is seen in recipients of allogeneic stem cell transplantation (allo-SCT) (5) . However, immune escape occurs through mechanisms partially shared with solid tumors [reviewed in Ref. (4) ]. Among others, leukemic blasts express the coinhibitory molecule programed death ligand 1 or suppressive ligands, such as Galectin 9, which precludes T cell activation (6) . In addition, T cell evasion pathway have been described in murine models of AML, with CD8 + T cell anergy associated with T cell abortive activation with following antigen encounter (7) . In humans, aberrant T cell activation patterns have been described in the context of AML, some of which having been associated with clinical outcome and response to stem cell transplantation (8, 9) . In addition, immune evasion from T cell in AML is enhanced by accumulation of suppressive immune cells such as regulatory T cells (Tregs) (10, 11) as well as myeloid-derived suppressive cells (MDSCs) (12) .
Besides, NK cell-and γδ T cell-mediated graft-vs-leukemia effect has been evidenced with the success of allo-SCT with KIR/HLA mismatch in AML (13) (14) (15) (16) (17) . Again, immune evasion occurs via various mechanisms [reviewed in Ref. (18) ], including defects in the normal lymphopoiesis (19) and reduced expression of activating receptors, either through direct contact or via the secretion of immunosuppressive soluble factors such as TGFβ and indoleamine 2,3-dioxygenase (20) as well as shedding of soluble ligands (18) . As for T cells, Tregs and MDSCs further impair NK cells effector functions (21, 22) .
To date, among immune alterations described in AML patients at diagnosis, NK alterations are the most significant parameters correlated with prognosis (23, 24) . Immune escape partly takes the form of NK cell subversion, which includes downregulation of NK triggering receptors such as NKp30, NKp46, DNAM-1, and NKG2D and upregulation of NK inhibitory receptors such as KIR and NKG2A (23) (24) (25) (26) . Therefore, and because NK cells are promising tools for therapeutic strategies, an exhaustive knowledge of NK cell dysfunctions in AML is mandatory. More recently, we and others [manuscript submitted; (27) ] have evidenced a drastic reduction of immature NK cells in AML patients. However, a more comprehensive view of the NK cell maturation status of NK cells in AML is lacking.
Natural killer cell maturation is a multistep process marked by differential expression of several markers, among which CD56, CD16, NKG2A, KIR, and CD57 are of particular importance (28) . First of all, CD56 bright NK cells expressing low levels of CD16 correspond to a transition between early immature CD56 bright CD16
− NK cells and CD56 dim CD16 + NK cells (29) (30) (31) (32) . Subsequently, NK cells lose expression of NKG2A and sequentially express KIR. Expression of CD57 marks the acquisition of high cytotoxic potential and decrease of proliferation capacities. Accordingly, NK cells display different functions during the maturation process, such as migration capacities, cytotoxic functions, cytokine/ chemokine production, and response to cytokines (13, 24, 32) . Given these functions are absolutely required for recognition and elimination of leukemic blasts, the clinical outcome may be affected by variations of sub-populations of NK cells with respect to maturation. For instance, increased NK maturation based on the percentage of CD57 + NK cells has been correlated with improved survival in both solid and hematologic malignancies (33) . Such observation has also been validated in mouse models of lymphoma, AML, and melanoma, with interruption of functional maturation by tumors during NK-cell development (19, 27) . Altogether, these findings confirm a general tendency of tumor cells to interfere with the development of cytotoxic anti-leukemia immune cells. In addition, CMV-induced NK maturation has been linked to the generation of CD56 dim /CD57 + / NKG2C + NK cells defined as memory-like NK cells, and recent studies evidenced the anti-leukemic effect of this NK subpopulation (34) (35) (36) .
We have recently reported that NK cells in AML patients display marked differences in NK maturation compared to healthy subjects, defining three distinct groups of patients according to NK maturation profiles (37) . In this study, we extended the 73.3% for patients with intermediate and hypermaturation, respectively. In multivariate Cox regression models, NK hypomaturation remained significantly associated with reduced OS and RFS, independent of other factors [hazard ratio (HR) = 4.15, P = 0.004 and HR = 8.23, P = 0.003, respectively]. NK maturation defects were further explored by mass cytometry and revealed that NK hypomaturation profile is associated with a reduced frequency of memory-like NK cells. In conclusion, besides classical alterations of NK triggering and inhibitory receptors expression in AML, we confirm that the homeostasis of NK maturation can be modified in the context of AML, notably with a deep maturation blockade in almost 10% patients.
Keywords: acute myeloid leukemia, prognostic biomarkers, natural killer, natural killer maturation, mass cytometry maturation profile of NK cells in AML to more mature NK cells such as memory-like NK cells in addition to the previously described stages of maturation in a large multicenter cohort allowing us to statistically examine the impact of maturation defects on the clinical outcome of patients.
PaTienTs anD MeThODs

Patients and study Design
Baseline maturation profile on NK cells at diagnosis was assessed in a total of 87 patients from the LAM2006IR prospective multicenter randomized trial (NCT00860639) of the Groupe Ouest 
Flow cytometry
A FACS LSR-Fortessa (BD Biosciences, San Jose, CA, USA) was used for flow cytometry. NK cells were immunostained with Krome Orange-conjugated anti-CD45, (ECD)-conjugated anti-CD3, allophycocyanin-alexafluor 700 (APC AF700)-conjugated anti-CD56, Phycoerythrin cyanin 7 (PC7)-conjugated antiCD158b1,b2j, PC7-conjugated anti-CD158a,h (further referred to as KIR), Pacific Blue-conjugated anti-CD57, Phycoerythrin (PE)-conjugated NKp30, and Live/dead ® Near-IR (Thermo Fisher Scientific, Waltham, MA, USA). All the antibodies used in the study were a kind gift of Beckman-Coulter, Marseille, France.
Mass cytometry analysis
Peripheral blood mononuclear cells were thawed and washed with RPMI with 10% FCS and incubated RPMI 2%FCS 1/10,000 Pierce ® Universal Nuclease 5 kU (Thermo Fisher Scientific, Waltham, MA, USA) at 37°C with 5% CO2 for 30 min. Cells were washed and stained with Cisplatin 0.1 M for dead cells exclusion. Cells were blocked with 0.5 mg/mL Human Fc Block (BD Bioscience). Two million PBMCs were stained 45 min at 4°C with the extracellular antibodies (Table S1 in Supplementary Material). Cells were washed and barcoded with the Cell-ID™ 20-Plex Pd Barcoding Kit (Fluidigm) according to the manufacturer's recommendations. Cells were washed, and samples were combined and stained with metal-labeled anti-PE secondary antibodies 30 min at 4°. Cells were washed and permeabilized with Foxp3 Staining Buffer Set (eBioscience, San Diego, CA, USA) 40 min at 4°C. Cells were incubated with 0.5 mg/ mL Human Fc Block 40 min at 4°C, and stained 40 min at 4°C in Foxp3 Staining Buffer with the intracellular antibodies (Table  S1 in Supplementary Material). Then, cells were washed and labeled overnight with 125 nM iridium intercalator (Fluidigm) in Cytofix (BD Biosciences). Finally, cells were diluted in EQTM Four Element Calibration Beads (Fluidigm) before acquisition on a CyTOF2
® instrument (Fluidigm).
Patient classification
Patients were classified according to maturation markers expression as previously described (37 
statistical analyses
Statistical analyses were carried out using Graph Pad Prism (Graph Pad Software, San Diego, CA, USA) and SPSS (SPSS Software, Chicago, IL, USA). For multiple comparisons, a Kruskal-Wallis test was used followed by a Dunn's post-test. Association between variables was assessed using the Spearman correlation coefficient. For survival analyses, overall survival (OS) was defined as the time from diagnosis until death from any cause, and relapse-free survival (RFS) as the time between induction and relapse or death, whatever occurred first. Patients without an event were censored at the time of their last follow-up. Survival times were estimated by Kaplan-Meier method and compared using the log-rank test. A multivariate Cox regression model was used to assess the predictive value of NKp30 expression while adjusting for other prognostic factors [age at diagnosis, European Leukemia Net (ELN), leukocytosis, and allo-SCT as a time-dependent covariate]. The limit of significance was set at P < 0.05.
resUlTs
Baseline Patient characteristics
The patient characteristics, stratified by NK maturation profile, are summarized in Table 1 . All patients had intermediate-risk cytogenetics. The mean age (±SD) at induction was 46.9 years (±11.3). Median follow-up after diagnosis was 24.9 months. Cytogenetic classification and ELN genetic classification (39) (FLT3/CEBPα/NPM1 mutational status) were routinely determined in the Biopathology departments of the centers involved in this study.
aMl Patients Present Distinct Maturation Profiles
In humans, four parameters define NK cell subsets according to the expression of NKG2A, KIR, CD57, and CD56 (28, 40, 41) . CD56 bright phenotype defines the most immature subset of circulating NK cells. In CD56 dim NK cells, loss of NKG2A and acquisition of KIR and CD57 define several maturation stages. Baseline expression of the maturation parameters CD56, KIR, and CD57 on NK cells was assessed by flow cytometry. As previously described, NKG2A was not informative in NK cell cluster definition and was therefore omitted in the clustering process (37 
/CD57
+/− clusters ( Table 1 ). In conclusion, we observed that NK cells in AML patients display marked differences with regards to maturation, defining three distinct groups of patients, thus confirming previous results obtained in our pilot explorative cohort (37). 
Maturation Profiles in Peripheral Blood are representative of nK Maturation in the Bone Marrow (BM)
As AML develops in the BM before disseminating in the periphery, we hypothesized that NK cell defects in the BM must be at least as pronounced as compared to NK cells from PB. Therefore, we tested whether the measurement of NK maturation parameters in PB accurately reflects NK maturation in BM. For 28 patients of the cohort, cryopreserved BM samples were available. BM NK cells were analyzed by flow cytometry according to the protocol described for peripheral PBMCs. In BM, NK maturation profiles were similar to the maturation profiles in PB (Figure 2A) . Figure 2B) . Thus, the maturation profile of NK cells in PB is representative of the maturation status of NK cells in BM.
Defective nK Maturation impacts clinical Outcome
Patients were divided into three groups as defined above (NK hypomaturation, intermediate maturation, and hypermaturation). In univariate analysis, significant differences in OS (P = 0.0006) and RFS (P < 0.0001) were observed among the different groups (Figures 3A,B) . Patients with hypomaturation profile had reduced OS, with 3-year OS rates of 12.5 vs 57.1 and 57.4% for patients with intermediate and hypermaturation, respectively. Consistently, patients with hypomaturation profile had reduced RFS, with 3-year RFS rates of 0 vs 52.6 and 73.3% for patients with intermediate and hypermaturation, respectively. In multivariate Cox regression models, NK hypomaturation remained significantly associated with reduced OS and RFS, independent of other factors [hazard ratio (HR) = 4.15, P = 0.004 and HR = 8.23, P = 0.003, respectively] ( Table 2) (Figures 3C,D) . The NKp30 low and NKp30 high /hypomaturation groups of patients displayed the worst clinical outcome with lower OS (P < 0.0001) and RFS (P < 0.0001).
nK hypomaturation Profile is associated with a lack of generation of Memory-like nK cells in aMl diagnosed AML and 7 HVs were analyzed by mass cytometry (Figure 4) . Classification of patients according to NK maturation profiles was performed as described above and allowed retrieving subgroups of patients based on maturation profile. We then assessed, in the CD56 dim clusters, the percentage of memory-like NK cells, defined as CD56 dim /CD57 + /NKG2C + NK cells (34, 43) . The frequency of memory-like NK cells was higher, but nonsignificant, in patients with intermediate or hypermaturation than in healthy subjects (9.0 vs 4.5%, respectively). However, there was a huge difference in frequency of memory-like NK cells between patients with NK hypomaturation profile compared to patients with intermediate or hypermaturation profile (1.5 vs 9.0%, respectively, P < 0.01) (Figures 4A,B) .
DiscUssiOn
Understanding immune alterations in cancer patients is a major challenge, with exponential applications in terms of therapeutic targeting. However, improved knowledge of interactions between immunity and malignant cells is critical to improve immunotherapeutic strategies.
Natural killer cells are potent innate immune cells that were first described for their ability to kill cancer cells without prior sensitization (30) . Among parameters involved in NK functionality, maturation is an important process, during which NK cells acquire higher cytotoxic potential (44) . In the case of patients with AML, we have recently reported the existence of distinct NK maturation profiles (37) . In this study, we defined three groups of patients based on unsupervised analysis of CD56, KIR, and CD57 expression, with either NK maturation blockade at early stages, hypermaturation, or intermediate maturation profiles. However, the potential impact on clinical outcome of such observations remained to be tested on a larger cohort of patients.
In this study, we took advantage of frozen samples from the FILOtheque (French Innovative Leukemia Organization, Paris, France) during the course of a clinical trial of AML of intermediate prognosis. These samples were fully annotated. We confirm in a large multicenter cohort the existence of three groups of patients with distinct NK maturation profiles. NK maturation profiles are not or slightly modified after complete remission (CR) ( Figure S1 clinical outcome compared to the other groups, with a median OS 9.5 vs 56.0 months for patients with intermediate NK maturation (undefined for patients with NK hypermaturation). In addition, we showed that NK maturation blockade is an independent predictor of adverse clinical outcome in multivariate analysis, even when accounting for the potential effects of allo-SCT, and despite heterogeneous distribution of NPM1 mutations in the different groups.
We then compared the prognostic value of NK maturation with the one of NKp30 status. HRs were lower for NK maturation status, suggesting that this parameter might be more informative for outcome prediction (Figures S2A-D in Supplementary Material). However, both classifications identify patients with dramatic clinical outcome. Importantly, no patient with NK maturation blockade had low NKp30 expression ( Figure S2H in Supplementary Material), which indicates that these classifications are not redundant. Thus, by combining both parameters, we improved the discrimination of patients with adverse clinical outcome; in this system, NK maturation status enables identification of patients with adverse prognosis that was not identified with the classification based on NKp30 alone. Such classification would be extremely relevant, in particular in the group of patients with intermediate-risk cytogenetic and intermediate-risk ELN, as in this study, for which definition of prognostic factors remains elusive (45) . However, the prognostic significance of this classification is explorative and has to be confirmed on an independent cohort of patients. In addition, functional assays should be performed on NK cells from each group of patients to assess the cytotoxic capacity and the production of CD107α, TNFα, and IFNγ of NK cells according to the maturation status. This step would provide final evidence of the link between NK maturation blockade and adverse clinical outcome.
On the other hand, NK maturation profile is partially based on the frequency of CD57 on NK cells. Since high CD57 expression on NK cells has been correlated with favorable prognosis in various cancers [reviewed in Ref. (33) ], the classification based on NK maturation might be strongly influenced, if not completely carried out, by CD57 expression. When comparing the classifications based on NK maturation status vs frequencies of CD57 + NK cells, we evidence that, although significant, the classification based on CD57 alone is less performant compared to NK maturation profiles, with lower HR and lower significance ( Figures S2E,F in Supplementary Material). Moreover, the classification based on CD56/CD57/KIR expression is unsupervised, which has the strong advantage to avoid the step of threshold determination, which might lead to overfitting of prediction models based on a single marker.
Beyond the increase of cytotoxic properties, NK maturation has been linked to the generation of memory NK cells (40, 46) . Recent studies demonstrated anti-leukemic effect of memory-like NK cells, with enhanced control of AML in mice and humans (35, 36) . Consistently, in our study, patients with NK maturation blockade had lower frequencies of memory-like NK cells (1.5 vs 9.0% for patients with hyper or intermediate NK maturation), defined as CD56 dim /CD57 + /NKG2C + NK cells (43) . We can speculate that the adverse clinical outcome in patients with low frequency of mature NK cells might be related to the lack of NK memory response. However, this hypothesis is based on an observation on a limited number of patients and warrants confirmation on a larger cohort. Importantly, NK maturation as well as the frequency of memory NK cells must be analyzed with regards to CMV status, which has been correlated with increased NK maturation and expansion of memory NK cells (34) .
Besides alterations on NK cells, T cells alterations in AML have been described (8) , some of which having been associated with inferior clinical outcome (9) . Thus, there is a need for overall picture of innate and adaptive immune landscape in AML; technical advances in flow and mass cytometry now enable to dissect the complexity of the immune system and will soon provide the bases for fully integrated analysis of immune alterations in AML (47) .
In conclusion, besides classical alterations of NK triggering and inhibitory receptors expression in AML, we confirm that the homeostasis of NK maturation can be modified in the context of AML, notably with a deep maturation blockade in a fraction of patients for which clinical outcome is dramatic. Furthermore, low NK maturation profile is associated with the absence of generation of memory-like NK cells, which may imply reduced anti-opportunistic disease responses. In addition, this phenotype reveals potential information for risk stratification based on expression of the triggering receptor NKp30. Therefore, NK maturation status is likely to be informative in prognostic immune signatures based on NK parameters, with potential applications in terms of patient stratification. The elucidation of mechanisms involved in the emergence of this particular NK cell phenotype will provide new opportunities to enhance NK cell functions in AML patients.
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